Monitoring of ambient PM 10 concentrations was carried out using two co-located samplers at 10 12 different locations over the three seasons (summer, winter and post-monsoon) in Delhi, India. 13
1.
Introduction 30 31
The first ambient air quality monitoring station in India was installed at the famous historical 32 monument, Taj Mahal (marble structure), in Agra (India) during 1981. The objective was to 33 study the effect of sulfur dioxide (SO 2 ) emitted from the petroleum refineries in Mathura 34 (CPCB, 1987) . Following the Air Act (1981), a National Ambient Air Quality Monitoring 35 (NAAQM) programme was initiated in 1984. The programme aimed to monitor 3 pollutants (i.e. 36 SO 2 , nitrogen oxide, NO 2 , and suspended particulate matter, SPM) (CPCB, 1995). The SPM was 37 monitored gravimetrically using the high volume sampler (HVS) under this programme. The 38 HVS consists of a suction blower that draws air through glass fiber filter at a flow rate of 1.4 to 39 1.1 m 3 min -1 . Subsequently, the first National Ambient Air Quality Standard was notified in 40
April 1994, consisting of an additional parameter i.e., thoracic particulate matter (PM 10 ). 1 European Standard (EN481, 1993) has given nomenclature based on different PM size as 2 thoracic and respirable particulate matter (RPM). Thoracic fraction refers to median size as 3 PM 10 , and respirable refers to median size as PM 2.5 . The geometric standard deviation (GSD) 4 recommended for both the fractions is 1.5m. The Indian environment regulatory agency uses 5 the term 'RPM' for PM 10 (CPCB, 2003) which is inconsistent with the internationally used norm 6 'thoracic' fraction for PM 10 (EN481, 1993) . Since the discussion in this study refers to 7 compliance with Indian standard monitoring protocol, the term RPM is retained for PM 10 in this 8 discussion. 9 10 The Indian regulatory guidelines also recommend use of the HVS, with an addition of cyclone at 11 the inlet of air path for PM sampling; the sampling instrument is named as 'RPM sampler'. The 12 cyclone is usually designed in such a way that the PM ≥10 m in aerodynamic daimeter are 13 removed from the sample air by centrifugal separation. The PM in the air stream gains momentum while passing through the cyclone due to increased 14 velocity through a constricted area. Large size PM possess higher momentum and get thrown out 15 of the main whirling air flow due to centrifugal inertia and hit the inner smooth surface of 16 cyclone body and slides down to the cup attached at the bottom and gets separated. changed by providing pressure gradient in a different direction. The large size particles, which 41 have higher momentum, moves straight due to mass inertia and hence leaves the air flow path 42 and enters empty chamber or well. The empty chamber is named as 'well impactor' that contains 43 oil or grease to prevent rebound of particles. The main air flow encounters the obstruction and 44 hence changes its path and passes through a filter that samples the remaining PM. The 45 components of 4-SS are designed in such a way that main inlet air stream attains a designed 46 velocity at which the PM larger than 10 m having higher momentum are not able to negotiate 47 the bend and enters the well impactor. The suction blower draws air at 16.7 lit min -1 and the 48 flow is regulated by a mass flow controller, which is an integrated part of the 4-SS. PM 10 49 samples are collected on circular (47 mm  filters of different media (teflon, quartz, nylon). 50 51 1  2 Both the samplers first remove PM ≥10 m in aerodynamic diameter from the ambient main 3 stream and then the air containing PM ≤10 m pass through the filter media and collected by 4 filtration. Thus there are two operations in place: size separation and filtration. At the end of 5 sampling period, the filter paper is conditioned and weighed for determining the mass of 6 collected PM 10 . Due to the pre-and post-weighing of filters, these samplers are considered as 7 the one using gravimetric technique. 8 9
Common principles of operation
2.3 Characteristics of study region 10 11
The study region, Delhi, is the Capital of India is situated at latitudes 28°24'17" to 28°53'00 N 12 and longitudes 76°50'24" to 77°20'37" E at 216 m above the mean sea level. To understand the large data set collected at all sites, this is first visualized pictorially for 40 formulating a hypothesis and then statistical testing is performed. As a first approximation, the 41 RPM and 4-SS data are considered to be independent (unpaired) and therefore accompaniment 42 figure (i.e. box-whisker plot) is used for comparison (see Figure 2) . The pictorial representation 43 is improved by arranging the station-wise data in descending order. At a first glance, the box-44 whisker plot shows upper 50 percentile (median) of 4-SS data larger than that of RPM data, with 45 the exception of ISBT where the median of RPM data is slightly higher than the 4-SS data. The 46 assumption of data independence lets each sampler data set to be mixed together and then 47 distribute it into box and whisker based on its frequency, exhibiting that the 4-SS measured data 48 is larger than those measured by the RPM sampler. On a particular day, it may happen that the 49 RPM value is very high and corresponding 4-SS value is very low, and vice-versa. Therefore 50 each RPM data should be paired with the corresponding 4-SS data. For the paired data set, null 51 hypothesis (H 0 ) of equal means of RPM and 4-SS for different monitoring stations is tested 1 using two tailed t-test. In a case when null hypothesis is rejected can be concluded that the 4-SS 2 reports higher PM 10 values compared with the RPM sampler. Since normality of data 3 distribution is the assumption for t-test, the data distribution is checked using histogram plot for 4 each station and sampler producing a total of 20 histograms. All the histograms found to follow 5 approximate log-normal distribution. Subsequently the data is transformed logarithmically and 6 their histograms are plotted, which appeared like a normal distribution. The two tailed t-test 7 performed on the log-transformed data at 95% confidence interval (see Table 1 ). Graphical 8 accompaniment of paired t-test would help in visualizing the data sets. 'Ladder plot' for 9 comparison of paired data is a useful method, provided the number of pairs is not too large. In 10 the present study, the data pairs are very large for the ladder plot to be clear and to arrive at a 11 sensible conclusion. Therefore, a new graphical representation of paired data set is created that 12 can be used to infer t-test result also. For ensuring paired data set, data of all those days when 13 either of the samplers was not in operation is removed from the analysis. Mayapuri, the data differences (PM 10 ) are mostly present on the positive side, indicating larger 38 PM 10 values measured by the 4-SS than those by the RPM. The differences in mean values for 39 both the samplers are plotted in Figure 5 . The mean of 4-SS data is higher than that of RPM 40 data at all the stations. These differences are the smallest at the ISBT site which is also 41 confirmed by the paired t-test. 42 43 Analysis of European Commission recommended parameters (r 2 , b) reveals that only at SSI and 44
Pitampura the criteria of r 2 >0.80 is fulfilled; however, the second parameter (b) is much higher 45 than 5 and thus rejecting data of all stations for equivalence. 46 47
The regulatory requirement prescribed by the CPCB (India) for monitoring PM 10 is the use of 48 gravimetric method of measurement. This provides the flexibility of using either of the two 49 samplers (4-SS and RPM sampler). While selecting the sampler for field measurements, 50 preference is normally given to the factors such as the cost of the sampler, required accessories 51 respectively. Therefore correlation analysis of data that are close to these regulatory limit values 18 makes reasonable sense compared to very large values. This is because if the observed PM 10 19 values are very large, it is immaterial, whether it is from either of the two samplers. Therefore, 20
we have split the data into two parts (i.e. below and over 200 g m -3 ), besides drawing an 21 overall average best fit line to provide a general best fit for the entire data set (see Figure 6 ). Our study indicated that 4-SS measures 66% higher PM 10 concentrations compared with the 30 RPM sampler in the regulatory limit value ranges (see Section 3.2). Such differences are not 31 trivial, especially for the expsoure assessment studies (Heal et al., 2012 
